Alu elements have amplified in primate genomes through a RNA-dependent mechanism, termed retroposition, and have reached a copy number in excess of 500,000 copies per human genome. These elements have been proposed to have a number of functions in the human genome, and have certainly had a major impact on genomic architecture. Alu elements continue to amplify at a rate of about one insertion every 200 new births. We have found 16 examples of diseases caused by the insertion of Alu elements, suggesting that they may contribute to about 0.1% of human genetic disorders by this mechanism. The large number of Alu elements within primate genomes also provides abundant opportunities for unequal homologous recombination events. These events often occur intrachromosomally, resulting in deletion or duplication of exons in a gene, but they also can occur interchromosomally, causing more complex chromosomal abnormalities. We have found 33 cases of germline genetic diseases and 16 cases of cancer caused by unequal homologous recombination between Alu repeats. We estimate that this mode of mutagenesis accounts for another 0.3% of human genetic diseases. Between these different mechanisms, Alu elements have not only contributed a great deal to the evolution of the genome but also continue to contribute to a significant portion of human genetic diseases.
THE SPREAD OF Alu ELEMENTS IN THE HUMAN GENOME
Alu elements represent a sequence of approximately 300 nucleotides (nt) in length that are transcribed by RNA polymerase III. The RNA transcript is then reverse-transcribed and inserted into a new location in the genome. This RNA-mediated process for making new copies of the element is termed retroposition (1) . Different Alu elements in the genome are not identical to one another. It appears that Alu elements that have integrated recently within the genome are quite homogeneous, and almost exact copies of one another (2) . However, the older copies have accumulated random mutations, making them typically divergent by 20% or more from one another at the sequence level (3) .
Alu elements began inserting early in primate evolution, approximately 65 mya (3). Although there are some related elements in mammals outside of the primate order, they do not have the specific structure of Alu elements. The rate of Alu amplification appears to have reached a maximum between 35 and 60 mya, and is currently amplifying at only 1% of the maximum rate. There are probably only about 2000 Alus specific to the human genome, and not found in chimpanzee and gorilla. Thus, about 99.8% of the 500,000 Alus in the human genome can be found at the same locus in all of the great apes, and 85% of the elements at specific loci can be found in all monkeys. Our best estimates of Alu amplification in the human genome are that there is one new insert in about every 200 new births (4) . Although this is well below the peak rate, it is still high enough to represent a significant factor in human mutagenesis.
In addition to random mutations, which occur to Alu elements after their insertion in the genome, there are specific base changes that allow separation of Alu elements into different subfamilies (5) (6) (7) (8) (9) (10) . The different subfamilies were all inserted at different stages of primate evolution. Almost all of the insertions that have occurred specifically in the human genome come from four closely related subfamilies, Alu Y, Ya5, Ya8, and Yb8. Ya5 and Yb8 inserts represent the majority of the inserts and Alu Y inserts are relatively rare. All of the new inserts belong to a small group of the most recently created subfamilies (see Table 1 ). This demonstrates that only a small subset of Alus is capable of amplification (11) .
Several explanations for the selective amplification of specific subfamilies have been proposed. One likely explanation is that a few specific loci are capable of active amplification, while almost all other loci are not, and that there are almost no such loci in the older subfamilies (11) . Alternatively, one has to propose that loci from all subfamilies express, but that the RNAs expressed from the newer subfamilies interact with the retroposition apparatus much better than the older subfamily RNAs (12, 13) .
Alus AND L1 ELEMENTS
The other major mobile element in the human genome is the L1 element. Alu elements are RNA polymerase III-derived transcripts that have no coding capacity. Thus, they do not code for any proteins that might be involved in the retroposition process. L1 repeats, on the other hand, are much longer and have two open-reading frames (reviewed in (14) ). One open-reading frame apparently codes for an RNA-binding protein whose exact function is unknown. The other open-reading frame codes for a protein that includes domains for reverse transcriptase, as well as for an endonuclease that apparently nicks the genome at the site of insertion (15) (16) (17) . An assay that allows rapid L1 retroposition in cultured cells has been devised recently (18) . This assay facilitates the dissection of the details of the L1 retroposition mechanism.
Alu elements must obtain the enzymes for their retroposition from somewhere. In addition, there are striking similarities between the mechanisms of Alu and L1 retroposition that make it very attractive to think that L1 elements may supply the necessary components for Alu retroposition (15, 16, 19, 20) . This idea is certainly very attractive, and thus the rate of Alu retroposition may be very dependent on the rate and evolution of L1 elements. 
Alu ELEMENTS: FUNCTIONAL ROLE OR A PARASITE'S PARASITE
Alu repeats represent over 5% of the mass of the human genome. They are also spread throughout the entire genome, at varying densities. These observations, along with other specific properties of the Alu elements have led to a number of hypothetical functions for the Alu elements that might explain their ubiquitous presence in primate genomes. Some of the proposed roles involve an everyday function for the cell, while others are of a more sporadic nature.
The first role ever proposed for Alu elements was that they might be origins of DNA replication (21) . This role is consistent with their high copy number and dispersed nature, but has not been substantiated by direct experimentation and seems like too important a function to be served by an element that is not found outside of primates.
More recently, evidence has been presented that Alu RNAs may stimulate protein translation by inhibiting a RNA-dependent protein kinase, PKR (22) (23) (24) . Because Alu RNAs from many loci are stimulated by a number of cellular stresses, such as viral infection and heat shock, this would provide a mechanism by which dispersed sequences may contribute to a cellular process as a group. If this is a function of Alu elements, then it is likely to represent only a slightly modified regulation seen in nonprimate species that is filled by other RNAs or molecules in those species.
Evidence has been presented in yeast that retrotransposable elements may aid in healing chromosomal breaks (25, 26) . This suggests the possibility that Alu and L1 elements may provide the same role in the human genome.
There are several thoughts concerning the possible roles of Alu elements in the evolution of the human genome. As discussed below, Alu elements can lead to unequal recombination that results in deletion or duplication of sequences. These events could allow duplication of exons and therefore formation of new protein variants. They can also contribute to interchromosomal recombination that may lead to cytogenetic alterations that are involved in human speciation.
There are also several ways in which Alu repeats have been proposed to influence the evolution of gene expression. Because Alu elements are rich in CpG dinucleotides that represent the substrate for genomic methylation, Alu elements represent CpG-rich islands that make up about 30% of the methylation sites in the human genome (24) . When an Alu element inserts in a new location in the genome, it introduces a CpG island at that new location. CpG islands have been associated with gene regulation, as well as imprinting of genes, and therefore Alu elements may contribute to the evolution of gene expression and imprinting in the human genome. In addition, Alu elements have been found to carry functional promoter elements for several of the steroid hormone receptors (27,28). Thus, insertion of a new Alu element in the vicinity of a gene may introduce new transcription factor-binding sites that could alter the regulation of gene expression. There are a number of cases where elements that influence gene expression have been mapped to within an Alu repeat (29), demonstrating that the introduction of these sequences can at least occasionally contribute to gene expression and regulation.
Although, there are numerous cases where individual Alu elements have had a positive impact on the human genome, it might be argued that none of them has been confirmed as a function. In this sense we would not define something that happens in a positive sense every few thousand years as being a function, because it would be occurring too sporadically to apply a positive selection for the presence of Alu elements. In addition, studies of individual Alu elements demonstrate that there is essentially no selective pressure on any given Alu repeat, although it is possible that selection does exist for a handful of master elements. Thus, it has been argued that Alu and L1 elements may both represent "selfish" DNA, or DNA that is only working to replicate itself. Selfish DNA may often have negative impacts on the host, but can be tolerated if it does not have too strong an adverse affect. Selfish DNA may also occasionally have positive benefits, but only by chance, and not by functional design. If L1 elements are essentially a parasite within the human genome, and if Alu relies on L1 elements for their amplification process, then one might describe Alu as a "parasite's parasite."
Alus AS MARKERS FOR HUMAN DIVERSITY
Although there is still a question as to whether there is a true functional role for Alu elements in the human genome, Alu elements have proved to be useful in studies of human DNA. The presence of Alu repeats located ubiquitously throughout the human genome, but not in nonprimate species, has allowed detection of human DNA sequences that have been transfected into the cells of other organisms, such as mice. This has been useful in markerrescue experiments in isolating a number of genes, including the first examples of oncogenes isolated by transforming rodent cell lines with human tumor DNAs (30). More recently, inter-Alu PCR (31,32) has found a broad range of uses in isolating specific human DNA regions from mouse/human hybrid cell lines and other complex sources containing large segments of human DNA.
Recent Alu insertions have also proven useful in a number of human population studies. In particular, there are over 1000 Alu insertions that occurred recently enough to be present only in a subset of human chromosomes. Because there does not seem to be any specific mechanism for removing Alu elements from the genome, once inserted they make a very stable genetic marker (33, 34) . This observation, along with the extremely low probability that any two recently integrated elements have inserted independently in the same chromosomal location, makes Alu insertions one of the best identical-bydescent (IBD) markers for human evolution studies. Any two individuals sharing an Alu insert almost certainly do so because they share a common ancestor in which the insertion occurred. Table 1 includes an example of an Alu insertion in the angiotensinconverting enzyme (ACE) locus that shows a useful association with protective advantages from heart disease (35) . Many other Alu insertion polymorphisms have been identified either in random genomic loci or in specific genes, but without any known disease association. These Alu insertions are easy to assay for their presence or absence in a chromosomal location and have been found to be very powerful markers for human forensic and molecular anthropology studies (36, 37) .
RETROPOSITION OF Alu ELEMENTS AND DISEASE
Alu elements are located throughout the genome and in almost any location within a gene except those in which they would totally disrupt the function of that gene. 
influence the expression of specific genes (reviewed in (29)), as well as to have the general potential to add transcription elements, like steroid hormone receptor elements (27,28), to the upstream gene region.
Very few Alu elements are found within the 5Ј noncoding or coding regions of exons, presumably because insertions in those locations are too disruptive to gene function. There are a number of instances where Alu elements have been found to be part of the region coding for the carboxy-terminus of a protein product (38, 39) . Presumably these Alus insert far enough downstream in the coding sequence to result in a new carboxy-terminus that does not disrupt the structure of the protein.
Insertions into the 3Ј noncoding regions of genes are found commonly and appear to have few negative affects. Similarly Alus are commonly found in introns, demonstrating that Alu insertions in much of the intronic region do not alter gene function significantly.
The vast majority of Alu insertions that have led to human disease insert into coding exons, or into introns relatively near an exon and presumably alter splicing. Table 1 is a list of the genetic defects that are thought to be caused by Alu insertion events. Not all of these cases have been demonstrated to be directly causative for the disease, but the rarity of Alu insertion events, coupled with the lack of other detectable mutations in these cases, strongly indicates that these are the causative events. The ACE insertion (35, 40 ) is likely to be one example, however, that shows association with disease, but is highly unlikely to be the causative event.
The above examples demonstrate that Alu insertions are capable of causing genetic defects which lead to human disease. Examples of this type are being found at an increasing frequency as the tools for genetic analysis allow more mutations to be detected. Finding 16 Alu-based insertion mutations in the Human Genetic Mutation Database that contains 14374 characterized human mutations suggests that Alu elements contribute to approximately 0.1% of human genetic diseases. This number agrees well with a previous calculation based on a similar dataset of mutations where Alu and L1 insertions were estimated to each contribute approximately 0.075% of human mutations (16) . In some cases, the insertional mutagenesis may make detection of mutations easier, biasing the results in favor of the detection of Alu insertions. However, many mutation detection strategies are designed to identify point mutations, particularly in coding regions, and may overlook insertions, particularly if they occur in introns. In addition, many new mobile element insertions may be lethal during embryogenesis. Therefore, it is likely that these estimates of insertion frequencies are underestimates of the true contribution of new Alu insertions to human disease.
We expect that with increasing study of mutations, it will be found that some genetic diseases are more likely than others to result from retroposon insertion. It has certainly been observed that some genes have a much higher Alu repeat content, making it reasonable that they will have a higher frequency of disabling Alu insertions. It has been observed that 2 out of 258 mutations in the FGFR2 gene were caused by Alu insertions (41) . This is the first case of multiple Alu insertion mutations being detected associated with a single disease, suggesting that this genetic locus may be more susceptible to retroposon insertions than other regions of the ge- The genes below show that one copy will have a deletion while the other will duplicate gene sequences. Either is likely to be deleterious.
nome. However, the number of insertions found so far is still fairly low making more definitive conclusions difficult.
RECOMBINATION BETWEEN Alu ELEMENTS ASSOCIATED WITH DISEASE
In addition to the potential impact of Alu element insertions in causing human disease, their dispersion throughout the genome provides ample opportunity for unequal homologous recombination which leads to a much higher level of mutations. Figure 1B illustrates how this unequal recombination can cause insertion or deletion mutations. When recombination occurs between Alu elements on the same chromosome, the result is that there is either duplication or deletion of the sequences between the Alus. Recombination may also occur between Alu elements on different chromosomes, resulting in chromosomal translocations or more complex chromosomal rearrangements. Table 2 presents a compilation of Alu/Alu recombination events that have contributed to germ-line disease with Alu-based recombination events associated with cancer shown in Table 3 . There are many more recombination than insertion events contributing to disease and the table of recombination events is not intended to be exhaustive in presenting all of the Alu/Alu recombinations that have contributed to human disease. In addition, there are many recombination events that occurred between an Alu element and some other non-Alu-related sequence which may have been influenced by the presence of the Alu element (42) . Although single Alu elements may contribute specifically to such recombination events, we have made no efforts to collect those data. The mutations resulting from Alu/Alu recombination include 33 mutations that are the result of germ-line recombination and 16 mutations that are the result of somatic events that led to cancer. Based on the calculations in the previous section, the germline recombination mutants would represent about 0.3% of mutants characterized. We expect that this number is an underestimate as mutation schemes aimed at detecting point mutants would often be expected to overlook large duplication and deletion events, and we have probably not reported all known Alu/Alu recombinations in the tables.
The data in Tables 2 and 3 show that Alu/Alu recombination events are highly biased towards specific genes. The first to show evidence for this was the LDLR gene, which has at least eight independent cases. It was also reported that these recombination events appeared to take place in a preferred location within the Alu element (42, 43) . These data suggested that Alu elements may represent hot spots for recombination by a mechanism that was more than simple homologous recombination. Multiple Alu/Alu recombination events have also occurred in the germ line involving two other genes. Even more striking is the preferential recombination seen in somatic recombination. The All-1 gene which participates in a high proportion of acute leukemias is another hotspot for Alu/Alu recombination. This includes intragenic recombination which is the major cause of acute myelogenous leukemia in individuals without a cytogenetic defect, as well as a possible contribution to recombination between the All-1 gene and other chromosomal loci in causing more complex cytogenetic defects associated with leukemia (44 -46) . The genes that show high levels of Alu/Alu recombination tend to have a large number of Alu sequences. Although Alu density may help contribute to this recombination, the correlation does not seem to hold up upon analysis of other Alu-rich genes. Therefore, it seems likely that some other factor contributes to the high recombination rates seen in these genes and that the Alu elements are likely to help in that process rather than to be the primary cause.
It has generally been found that longer stretches of sequence identity allow more efficient homologous recombination and that 300 bp of imperfect sequence identity would represent a relatively inefficient target (47) . Therefore, as Alu elements accumulate random mutations after integration in the genome their recombination potential gradually decreases. Thus, early in primate evolution when a high proportion of Alu elements were closer matches to one another, Alu/Alu recombination may have contributed even more to the evolution and reshaping of primate genomes.
Based on the above considerations, one might expect the much longer L1 family of elements to contribute significantly to recombination, as well. Surprisingly, we are familiar with only two L1/L1 recombination events in the human genome (48) . Therefore, it would appear that: (1) L1 elements are located in less recombinogenic regions of the human genome; (2) the approximately 10-fold lower copy number of L1 elements is more than enough to offset their larger size in terms of probabilities of recombination; (3) some basic property of the Alu elements themselves makes them recombinogenic; or (4) the larger average spacing between L1 elements causes the vast majority of L1/L1 recombination events to be lethal. It is possible that all of these factors may contribute to this observed difference. Transient transfection experiments suggest that the third possibility may not be true since Alu sequences did not recombine more frequently than other control sequences (49) . However, in their native chromatin environment, or in specific cell types or cell stimuli in vivo, Alus may still respond with higher recombination rates. We believe that the fourth possibility may be the dominant factor, however. The vast majority of Alu/Alu recombination events listed in the tables represent recombination between Alu elements within the same gene. This limits the effect of the recombination to a single gene defect. With their lower copy number and tendency to be located between genes rather than in genes, L1/L1 recombination events are likely either to involve only intergenic regions or to involve a much larger region that may cause defects in several genes simultaneously, resulting in loss of viability.
There is growing evidence that repetitive DNAs contribute to disease either through the mutations they cause during the retroposition process that forms them (16, 50) or through recombination processes involving unequal cross-overs of repetitive elements. These recombination events may involve repetitive sequences of various repetition frequencies with the likelihood that longer and more perfect repeats that are near one another probably recombine well, while short, mismatched repeats (like Alu) recombine relatively poorly. However, the extremely high copy number of Alu elements makes them a 
